Ascomycota is the largest phylum of the kingdom Fungi and is a morphologically diverse group consisting of unicellular yeast to complex cup fungi. There are over 64,000 species of ascomycetes \[[@B1]\]. The most common feature of the ascomycetes is the ascus, a microscopic sexual structure containing nonmotile spores called ascospores.

Ascomycetes are monophyletic, meaning they are all descendants of one common ancestor. *Chaetomium*, representing ascomycetous fungi of the Chaetomiaceae family (class: Sordariales), is a species-rich genus with roughly 100 classified species distributed worldwide and found on various substrates as saprotrophs \[[@B2]\]. This genus is distinctive by its superficial ascomata (mostly ostiolate perithecia) covered with several hair types \[[@B2]\]. *C. globosum* has been mainly found in soil, woods, and wet walls \[[@B3]\], and it may cause systemic infection upon inhalation \[[@B4]\]. Some *Chaetomium* species are reported to be associated with *Acremonium*, *Botryotrichum*, *Humicola*, *Paecilomyces*, and *Scopulariopsis* \[[@B5]\]. *C. acropullum* is a psychrotolerant mesophilic fungi first identified in China \[[@B6]\]. The Phialemonium genus of fungi belongs to the class Sordariomycetes, order Sordariales, and family Cephalothecaceae. This is an intermediate genus between *Acremonium* and *Phialophora* \[[@B7]\]. The main objective of the present study was to (1) study the *C. acropullum*, *Phialemonium globosum*, and *Phialemonium atrogriseum* isolates on a morphological and molecular level, and (2) to compare these newly recorded species with previously reported species.

MATERIALS AND METHODS
=====================

Soil sample collection and fungal isolation
-------------------------------------------

Soil samples were collected in 2016 in Gyeongnam, Korea from depths of 0--15 cm after scraping and removing leaves and other plant debris on the soil surface. Approximately 200--250 g of soil was collected for each sample. The collected soil samples were prepared by drying at room temperature, grinding, and sieving with an autoclave-sterilized brass sieve of 2-mm aperture size. The fungi were isolated using the dilution technique \[[@B8]\]. Briefly, 1 g soil sample was suspended in 9-mL sterile distilled water and vigorously shaken for 2--3 min. The suspensions of soil were serial diluted in sterile distilled water. From each dilution, 10^−3^, 10^−4^, 10^−5^, and 10^−6^ mL was removed by pipette and streaked onto petri plates containing potato dextrose agar (PDA; Difco Laboratories, Detroit, MI, USA), and the plates were incubated for 5--7 days at 25℃ until growth of fungal colonies was observed. Morphologically distinct colonies were selected and further purified by sub-culturing on plates containing PDA. The pure cultures were preserved on 20% glycerol stock at 4℃ for further studies.

Morphological characterization
------------------------------

Morphological characteristics of isolates KNU16-31, KNU16-137, and KNU16-168 were studied on PDA, oatmeal agar (OA), malt extract agar (MEA), Czapek yeast extract agar (CYA), and yeast extract sucrose agar (YESA). The strains were inoculated in three regions on 9-cm petri dishes and incubated for 10 days at 26℃ in darkness. All media used were prepared as described by Samson et al. \[[@B9]\]. After incubation, the diameters of the colonies on each agar media were measured. Colony color (obverse and reverse sides) and the degree of sporulation were also observed. Colony colors of the isolates were characterized using the method of Kornerup and Wanscher \[[@B10]\]. For microscopic analysis of the isolates, images were acquired with an HK 3.1 CMOS digital camera (KOPTIC Korea Optics, Seoul, Korea) connected to an Olympus BX50F-3 microscope (Olympus Optical Co., Ltd., Tokyo, Japan) and a scanning electron microscope (LEO Model 1450VP Variable Pressure Scanning Electron Microscope; Carl Zeiss, Thornwood, NY, USA).

Genomic DNA extraction, sequencing, and data analysis
-----------------------------------------------------

Total genomic DNA of the isolates was extracted using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer\'s instructions. The internal transcribed spacer (ITS) region and β-tubulin gene were amplified using primers ITS1 (5′-TCCGTAGGTGAACCTGCG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′), and Bt2a (5′-GGTAACCAAATCGGTGCTTTC-3′) and Bt2b (5′-ACCCTCAGTGTAGTGACCCTT-3′), respectively \[[@B11]\]. Amplified PCR products were sequenced with the ABI Prism 3730 DNA analyzer (Applied Biosystems, Foster City, CA, USA). Reference ITS sequences were used to compare with the sequence information in GenBank at the National Center for Biotechnology Information (NCBI) using the local alignment search tool \[[@B12]\]. The nucleotide sequences were deposited at the culture collection site of the National Institute of Biological Resources (NIBR, Incheon, Korea). NIBR numbers; NIBRG0000499342, NIBRG0000499405, and NIBRG0000499424 were given to the isolates KNU16-31, KNU16-137, and KNU16-168, respectively. ITS and the β-tubulin gene sequences of the isolates (KNU16-31, KNU16-137, and KNU16-168) used in this study, along with their strains and GenBank accession numbers are listed in [Table 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

In addition, the nucleotide sequences were deposited in GenBank and assigned accession numbers KY587781, KY587782, and KY587783 for isolates KNU16-31, KNU16-137, and KNU16-168, respectively. Neighbor joining relationships were analyzed using Molecular Evolutionary Genetic Analysis (MEGA 6) software \[[@B13]\]. A neighbor joining tree was constructed using the Kimura 2-parameter substitution model \[[@B14]\]. Bootstrap analysis was carried out with 1,000 replications to determine the support for each clade.

RESULTS
=======

Morphology of the isolate KNU16-31
----------------------------------

**Colony morphology:** Morphological features of the isolate KNU16-31 are shown in [Fig. 1](#F1){ref-type="fig"}. The colony grew rapidly on PDA and reached a diameter of 50--55 mm after 10 days at 26℃. The obverse side of the colony was white in color while the reverse side was light yellow in color at the center ([Fig. 1A and 1F](#F1){ref-type="fig"}). The colony had a woolly cotton appearance at the center. Sporulation was moderate to dense, and there were numerous conidia present. The form of the colony was irregular and its surface was smooth. On MEA, colony growth was moderate and it attained a diameter of 45--50 mm after 10 days at 26℃ ([Fig. 1B and 1G](#F1){ref-type="fig"}). Obverse and reverse sides of the colony were white in color. Texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. Sporulation was absent. Ample conidia were observed. On YESA, the colony grew rapidly and reached a diameter of 55--56 mm after 10 days at 26℃ ([Fig. 1C and 1H](#F1){ref-type="fig"}). Color of the colony was feathery white on the obverse side and creamy white on the reverse side ([Fig. 1C and 1H](#F1){ref-type="fig"}). Sporulation was slightly moderate. The texture of the colony was floccose. On CYA, the colony growth was moderate and it attained a diameter of 45--50 mm after 10 days at 26℃. Obverse and reverse sides of the colony were woolly white and yellow in color ([Fig. 1D and 1I](#F1){ref-type="fig"}). Sporulation was moderate to dense and conidia were abundant. The texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. On OA, the colony grew rapidly and reached a diameter of 55--60 mm after 10 days at 26℃. Obverse and reverse sides of the colony were white in color ([Fig. 1E and 1J](#F1){ref-type="fig"}). Sporulation was moderate to dense, and conidia were abundant. The form of the colony was irregular and its surface was smooth.

*Chaetomium acropullum* X.Wei Wang, Nova Hedwigia 80 (3-4): 414 (2005).

**Micromorphology:** Conidiophores were erect or sometimes branched irregularly, and were 2.3--3.3 µm wide. Aleurioconidia arose singly at the tips of hyphae and lateral branches. Single cells of aleurioconidia were individually attached to the hyphae, pyriform, or clavate, and were 9--11 × 5.3--6.9 µm in size. Individual cells of arthroconidia formed near the segmentation of hyphae. They ranged in size from short to long, were cylindrical in shape with truncate ends, and were 11--28 × 2.4--3.3 µm in size ([Fig. 1K-1O](#F1){ref-type="fig"}).

Morphology of the isolate KNU16-137
-----------------------------------

**Colony morphology:** Detailed morphological features of the fungal isolate KNU16-137 are shown in [Fig. 2](#F2){ref-type="fig"}. On PDA, the colony grew slowly and attained a diameter of 30--35 mm after 10 days at 26℃. Obverse and reverse sides of the colony were white and creamy white, respectively ([Fig. 2A and 2F](#F2){ref-type="fig"}). Sporulation was moderate to dense. The form of the colony was irregular and its surface was smooth. On MEA, the colony grew slowly and attained a diameter of 15--20 mm after 10 days at 26℃ ([Fig. 2B and 2G](#F2){ref-type="fig"}). Obverse and reverse sides of the colony were white in color. The texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. Sporulation was moderate. Conidia were abundant. On YESA, the colony grew rapidly and reached a diameter of 30--35 mm after 10 days at 26℃. The obverse side was white in color and the reverse side was creamy ([Fig. 2C and 2H](#F2){ref-type="fig"}). Sporulation was slightly moderate. The texture of the colony was floccose. Conidia were abundant. On CYA, the colony grew moderately and attained a diameter of 35--40 mm after 10 days at 26℃. Obverse and reverse sides of the colony were woolly white and yellow in color, respectively ([Fig. 2D and 2I](#F2){ref-type="fig"}). Sporulation was dense and conidia were abundant. The texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. On OA, the colony grew rapidly and reached a diameter of 30--35 mm after 10 days at 26℃. Obverse and reverse sides of the colony were white in color ([Fig. 2E and 2J](#F2){ref-type="fig"}). Sporulation was moderate to dense. Conidia were abundant. The form of the colony was irregular and its surface was smooth.

*Phialemonium globosum* D. García, H. Perdomo, Gené, Cano & Guarro, Mycologia 105 (2): 415 (2013).

**Micromorphology:** Conidiophores were poorly developed. Phialides emerged directly from aerial hyphae, and there were typically 1--2 phialides present. Adelophialides were cylindrical and single-celled. Conidia were globose to subglobose and 3--5 × 4.8--5 µm in diameter ([Fig. 2K-2O](#F2){ref-type="fig"}). Chlamydospores were absent.

Morphology of the isolate KNU16-168
-----------------------------------

**Colony morphology:** Detailed morphological features of the fungal isolate KNU16-168 are shown in [Fig. 3](#F3){ref-type="fig"}. On PDA, the colony grew slowly and attained a diameter of 25--30 mm after 10 days at 26℃. The obverse side was creamy white and the reverse side was light yellow ([Fig. 3A and 3F](#F3){ref-type="fig"}). Sporulation was slightly moderate. The form of the colony was irregular and its surface was rough. On MEA, the colony grew slowly and attained a diameter of 25--30 mm after 10 days at 26℃ ([Fig. 3B and 3G](#F3){ref-type="fig"}). The obverse side of the colony was white in color while the reverse side was yellow ([Fig. 3B and 3G](#F3){ref-type="fig"}). The texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. Sporulation was moderate. Conidia were abundant. On YESA, the colony grew moderately and reached a diameter of 25--30 mm after 10 days at 26℃. The obverse side was white in color and the reverse side was yellow ([Fig. 3C and 3H](#F3){ref-type="fig"}). Sporulation was slightly moderate. The texture of the colony was floccose. Conidia were abundant. On CYA, the colony grew moderately and attained a diameter of 30--35 mm after 10 days at 26℃. Obverse and reverse sides of the colony were woolly white and yellow in color ([Fig. 3D and 3I](#F3){ref-type="fig"}). Sporulation was dense and conidia were abundant. The texture of the colony was woolly. The form of the colony was irregular and its surface was smooth. On OA, the colony grew rapidly and reached a diameter of 35--40 mm after 10 days at 26℃. Obverse and reverse sides of the colony were white in color ([Fig. 3E and 3J](#F3){ref-type="fig"}). Sporulation was moderate to dense. Conidia were abundant. The form of the colony was irregular and its surface was smooth.

*Phialemonium atrogriseum* (Panas.) D. García, Perdomo, Gené, Cano & Guarro, Mycologia 105 (2): 414 (2013).

**Micromorphology:** Conidiophores were raised irregularly and 2.2--2.3 × 1.8--2.1 µm in size. Lateral phialides emerged directly from aerial hyphae in whorls of 2--4. Phialides were flask-shaped. Conidia were ellipsoidal or ovoid in shape and were 3--4 × 2--3 µm in size ([Fig. 3K-3N](#F3){ref-type="fig"}).

Molecular phylogeny of all studied fungal isolates
--------------------------------------------------

Genetic sequences of ITS and β-tubulin were analyzed to construct evolutionary relationships between the isolates KNU16-31, KNU16-137, and KNU16-168 with previously described species of *C. acropullum*, *P. globosum*, and *P. atrogriseum*, respectively. Results obtained from the phylogenetic relationship from the ITS sequence analysis suggested that the isolate KNU16-31 was most closely related to *C. acropullum* (KP994323.1) ([Fig. 4](#F4){ref-type="fig"}). KNU16-31 had a 99% similarity with *C. acropullum* as determined by a bootstrap analysis with 1,000 replicates. Isolates used for the phylogenetic relationships were type strains obtained from GenBank. β-Tubulin gene sequence analysis suggested that the isolate KNU16-31 was most closely related to *C. acropullum* (HM365292.1) with 100% sequence identity ([Fig. 5](#F5){ref-type="fig"}). In addition, ITS sequence analysis of the isolate KNU16-137 was well matched to *P. globosum* (HE610358.1) and formed a monophyletic group with a bootstrap value of 100% ([Fig. 6](#F6){ref-type="fig"}). Type strains were used as references for the construction of a phylogenetic tree using GenBank. β-Tubulin gene sequence analysis suggested that the isolate KNU16-137 was most closely related to *P. globosum* (HE599349.1) ([Fig. 5](#F5){ref-type="fig"}) with 100% sequence identity ([Fig. 7](#F7){ref-type="fig"}). Therefore, molecular phylogeny strongly suggests that the isolate KNU16-137 belongs to the species *P. globosum*. Finally, the ITS sequence analysis of KNU16-168 was to construct evolutionary relationship analysis with the type strains of the species from GenBank, and had 100% similarity with the isolate *P. atrogriseum* ([Fig. 6](#F6){ref-type="fig"}). β-Tubulin gene sequence analysis also revealed 100% sequence identify between KNU16-168 and *P. atrogriseum* ([Fig. 7](#F7){ref-type="fig"}).

DISCUSSION
==========

During a survey of the fungal diversity in soils from various places in Korea, several fungal isolates were collected and identified based on morphological and molecular analysis. Sequence-based identification of fungal isolates is often considered to be the most reliable and accurate identification method. The isolate KNU16-31 acquired from field soil in Gyeongnam, Korea was assumed to be a member of the Chaetomium genus based on the shape and size of its conidia, conidiophores, aleuroconidia, and hyphae. KNU16-31 largely matches the morphological description of previously identified *C. acropullum* strains \[[@B5]\] with slight differences in the size of conidia, aleuroconidia, hyphae, and arthroconidia. The basic identifying characteristics of *C. acropullum* are segmentation of hyphae, a solitary nature, hyaline, single-celled, and a short to long cylindrical shape with truncate ends \[[@B5]\]. These morphological features were also observed in KNU16-31. Sporulation, as described for *C. aureum* in Kubatova (2006) \[[@B2]\], was not found in the isolate KNU16-31. In addition, phylogenetic analysis revealed that KNU16-31 was most closely related to *C. acropullum*. Therefore, colony morphology and molecular phylogeny confirm that KNU16-31 belongs to the species *C. acropullum*. This isolate has not officially been reported previously; thus, we report this isolate as newly identified in Korea. Based on the above described taxonomical properties, isolate KNU16-137 derived from crop field soil was classified as an isolate of the species *P. globosum*. This newly identified isolate fits the morphological description as detailed by Perdomo et al. \[[@B15]\]. Similar results were obtained from our phylogenetic analysis of the ITS gene of all the type strains used ([Fig. 6](#F6){ref-type="fig"}). According to our analysis, *P. globosum* is monophyletic genera of the Cephalothecaceae family. This isolate is newly discovered from crop field soil in Korea. Our final isolate, KNU16-168 (*P. atrogriseum*), is a synonymy of Acremonium atrogriseum \[[@B15]\]. This isolate matches the colony diameter description made by Perdomo et al. \[[@B15]\]. In addition, KNU16-168 (*P. atrogriseum*) was found to be monophyletic by phylogenetic analysis. This isolate was not previously reported in Korea. Morphology of the isolates KNU16-31, KNU16-137, and KNU16-168 were compared with their respective reference species in [Tables 3](#T3){ref-type="table"}, [4](#T4){ref-type="table"}, and [5](#T5){ref-type="table"}, respectively. ITS and β-tubulin gene sequence analysis strongly suggest that the isolates KNU16-31, KNU16-137, and KNU16-168 belong to the *C. acropullum*, *P. globosum* and *P. atrogriseum* species, respectively ([Fig. 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}, [7](#F7){ref-type="fig"}).

In conclusion, all the newly discovered fungal isolates from crop field soil in Korea have different morphological and molecular characteristics. Each fungal isolate has its own biotechnological importance; therefore, these fungal isolates should be further studied in the future. Moreover, further studies on the identification of several new fungal species within the Ascomycota phylum are required to enhance our knowledge of the indigenous fungal species in Korea.
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![Morphological characteristics of *Chaetomium acropullum* KNU16-31 grown for 10 days on potato dextrose agar (PDA), malt extract agar (MEA) yeast extract sucrose agar (YESA), Czapek yeast extract agar (CYA), and oatmeal agar (OA) at 26℃. A--J, Obverse side (A--E) and reverse side (F--J) of each colony grown, from left to right, on PDA, MEA, YESA, CYA, and OA; K, L, Image of conidiophores taken with a simple microscope; M--O, Images of conidia and conidiophores taken using a scanning electron microscope (scale bars: K--M, O = 10 µm, N = 1 µm).](mb-45-327-g001){#F1}

![Morphological characteristics of *Phialemonium globosum* KNU16-137 grown for 10 days on potato dextrose agar (PDA), malt extract agar (MEA) yeast extract sucrose agar (YESA), Czapek yeast extract agar (CYA), and oatmeal agar (OA) at 26℃. A--J, Obverse side (A--E) and reverse side (F--J) of each colony grown, from left to right, on PDA, MEA, YESA, CYA, and OA; K, L, Image of conidiophores taken with a simple microscope; M--O, Images of conidia and conidiophores taken using a scanning electron microscope (scale bars: K--M, O = 10 µm, N = 1 µm).](mb-45-327-g002){#F2}

![Morphological characteristics of *Phialemonium atrogriseum* KNU16-168 grown for 10 days on potato dextrose agar (PDA), malt extract agar (MEA) yeast extract sucrose agar (YESA), Czapek yeast extract agar (CYA), and oatmeal agar (OA) at 26℃. A--J, Obverse side (A--E) and reverse side (F--J) of each colony grown, from left to right, on PDA, MEA, YESA, CYA, and OA; K, L, Image of conidiophores taken with a simple microscope; M, N, Images of conidia and conidiophores taken using a scanning electron microscope (scale bars: K--M= 10 µm, N = 2 µm).](mb-45-327-g003){#F3}

![Neighbor joining phylogenetic analysis of *Chaetomium acropullum* KNU16-31 using the partial 18S-ITS1-5.8S-ITS2-28S rDNA region sequence obtained from field soil in Korea. Numerical values (\> 50) on branches represent the bootstrap values shown as the percentage of bootstrap replication from a 1,000-replicate analysis. 'T' indicates the type strain of the isolates.](mb-45-327-g004){#F4}

![Neighbor joining phylogenetic analysis of *Chaetomium acropullum* KNU16-31 using the β-tubulin gene sequence obtained from field soil in Korea. Numerical values (\> 50) on branches represent the bootstrap values shown as the percentage of bootstrap replication from a 1,000-replicate analysis. 'T' indicates the type strain of the isolates.](mb-45-327-g005){#F5}

![Neighbor joining phylogenetic analysis of *Phialemonium globosum* KNU16-137 and *P. atrogriseum* KNU16-168 using the partial 18S-ITS1-5.8S-ITS2-28S rDNA region sequence obtained from field soil in Korea. Numerical values (\> 50) on branches represent the bootstrap values shown as the percentage of bootstrap replication from a 1,000-replicate analysis. 'T' indicates the type strain of the isolates.](mb-45-327-g006){#F6}

![Neighbor joining phylogenetic analysis of *Phialemonium globosum* KNU16-137 and *P. atrogriseum* KNU16-168 using the β-tubulin gene sequence obtained from field soil in Korea. Numerical values (\> 50) on branches represent the bootstrap values shown as the percentage of bootstrap replication from a 1,000-replicate analysis. 'T' indicates the type strain of the isolates.](mb-45-327-g007){#F7}

###### ITS and the β-tubulin gene sequences of *Chaetomium acropullum* used in this study, along with their strains and GenBank accession numbers

![](mb-45-327-i001)

ITS, internal transcribed spacer.

###### ITS and β-tubulin gene sequences of *Phialemonium globosum* and *P. atrogriseum* and allied species used in this study, along with their strains and GenBank accession numbers

![](mb-45-327-i002)

ITS, internal transcribed spacer.

###### Morphological comparison of the newly identified *Chaetomium acropullum* isolate with previously reported *C. acropullum*

![](mb-45-327-i003)

PDA, potato dextrose agar; MEA, malt extract agar; YESA, yeast extract sucrose agar; CYA, Czapek yeast extract agar; OA, oatmeal agar; NA, not available.

^a^Source of original description \[[@B16]\].

###### Morphological comparison of the newly identified *Phialemonium globosum* isolate with previously reported *P. globosum*

![](mb-45-327-i004)

PDA, potato dextrose agar; MEA, malt extract agar; YESA, yeast extract sucrose agar; CYA, Czapek yeast extract agar; OA, oatmeal agar; NA, not available.

^a^Source of original description \[[@B15]\].

###### Morphological comparison of the newly identified *Phialemonium atrogriseum* isolate with previously reported *P. atrogriseum*

![](mb-45-327-i005)

PDA, potato dextrose agar; MEA, malt extract agar; YESA, yeast extract sucrose agar; CYA, Czapek yeast extract agar; OA, oatmeal agar; NA, not available.

^a^Source of original description \[[@B15]\].
